Abstract. The aim of the present study was to investigate the effects of tristetraprolin (TTP) on the vascular endothelial growth factor (VEGF) mRNA and protein expression levels in retinal pigment epithelial cells under hypoxic conditions, and to consider the possibility of using TTP as a novel treatment tool for neovascular age-related macular degeneration (AMD). Overexpression of TTP reduced the expression and secretion levels of VEGF in ARPE-19 cells under hypoxic conditions. TTP destabilized the VEGF mRNA by binding to adenosine and uridine-rich elements regions in its 3'-untranslated region. Furthermore, conditioned medium (CM) from TTP-overexpressing ARPE-19 cells suppressed the tube formation in human umbilical vein endothelial cells compared with hypoxic CM. These findings indicate that regulation of TTP expression may be a promising therapeutic tool for neovascular AMD, however, further research is required.
Introduction
Age-related macular degeneration (AMD) is a leading cause of blindness for those over the age of 60, affecting millions of people. The disease is associated with impaired sight, but also with emotional distress, depression and anxiety (1) . New vessels generated by neovascularization usually undergo repeated regeneration, which leads to bleeding and vessel destruction due to stress as a result of increased permeability. Certain pathways associated with neovascularization are linked to increased expression levels of vascular endothelial growth factor (VEGF) (2) (3) (4) . Thus, VEGF is a major component of the neovascularization process.
VEGF-A, also known as VEGF, belongs to the cysteine-knot superfamily of growth factors. The characteristics of VEGF are determined by a cysteine residue (5, 6) . The anti-angiogenic effects of monoclonal anti-VEGF antibodies, including ranibizumab and bevacizumab have been confirmed by previous studies (7) (8) (9) (10) . However, multiple injections are required and certain patients do not respond to intravitreal anti-VEGF antibody administration (11) (12) (13) (14) . Recently, multiple efforts have been made to overcome these limitations (15) (16) (17) (18) .
VEGF transcription is activated by growth factors and hypoxia (19) . The 3'-untranslated regions (3'-UTRs) of resulting transcripts contain adenosine and uridine rich elements (AREs), which determine mRNA stability. ARE-mediated post-transcriptional regulation is facilitated by trans-acting ARE-binding proteins, which form stable complexes with the 3'-UTR and regulate the decay of VEGF mRNA (20, 21) . Therefore, the relative abundance of these ARE-binding proteins determines the level of VEGF transcripts (22, 23) . Tristetraprolin (TTP) is a 34 kDa member of the CCCH class of tandem zinc finger proteins (24) (25) (26) . TTP was first demonstrated to interact with AREs in mRNAs, and its list of known and likely targets continues to grow. However, to the best of our knowledge, the effects of TTP in retinal pigment epithelial (RPE) cells have not been examined.
The aims of the present study were to investigate the effects of TTP on VEGF mRNA and protein expression levels in ARPE-19 cells under hypoxic conditions and to consider the possibility that TTP may be useful as a novel treatment tool for neovascular AMD (nAMD). 
Materials and methods

Cell
Quantitative PCR (qPCR).
For RNA kinetic analysis, the quantity of VEGF mRNA was assessed in the presence of actinomycin D (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) using qPCR. The reactions were performed using EvaGreen ® qPCR Master mix (Applied Biological Materials Inc., Richmond, BC, Canada) and a LightCycler 480 instrument II (Roche Applied Science, Madison, WI, USA). VEGF and hGAPDH cDNA amplification conditions were as follows: 95˚C for 30 sec, 60˚C for 30 sec and 72˚C for 30 sec for 45 cycles. The results were analyzed using melting curves and agarose gel electrophoresis. The PCR primer pairs were as follows: Forward, 5'-CCC CAT CCC TGT GGG CCTTG-3' and reverse, 5'-ACC GCC TCG GCT TGT CACAT-3' for VEGF; and forward, 5'-GCA CCC CTG GCC AAG GTCAT-3' and reverse 5'-ACG CCA CAG TTT CCC GGAGG-3' for hGAPDH (Bioneer Corporation). Relative quantification of gene expression was analyzed using the 2-∆∆Cq method using GAPDH as the endogenous control (28) .
Western blotting. Cells were harvested, centrifuged at 890 x g for 1 min, and lysed in lysis buffer [50 mM Tris-Cl (pH 8.0; Amresco LLC, Solon, OH, USA), 150 mM NaCl (Amresco LLC), 0.1% SDS (Amresco LLC), 0.02% sodium azide (Amresco LLC), 1% NP-40 (Sigma-Aldrich; Merck Millipore), 0.5% sodium deoxycholate (Sigma-Aldrich; Merck Millipore) and proteinase inhibitor cocktail (phenylmethylsulphonyl fluoride, 100 µg/ml; aprotinin, 1 µg/ml; leupeptin, 0.5 µg/ml; Roche Applied Science)]. Total protein concentration was determined using a bicinchoninic acid protein assay system (Pierce Biotechnology, Inc., Rockford, IL, USA). Equivalent quantities of total protein (20-30 µg) were separated by SDS-PAGE using 10-15% polyacrylamide gel, and then transferred to a nitrocellulose membrane (Whatman; GE Healthcare Life Sciences, Chalfont, UK) using a semi-dry transfer apparatus (Bio-Rad Laboratories, Inc.) submerged in transfer buffer (25 mM Tris, pH 8.3, 192 mM glycine, and 20% methanol). The membrane was blocked with 5% skimmed milk in 0.1% Tween-20/Tris-buffered saline (TBST) and incubated with with the following primary antibodies: Anti-TTP (T5327; 1:1,000; Sigma-Aldrich; Merck Millipore), anti-VEGF (ab46154; 1:1,000; Abcam, Cambridge, UK) or anti-β-actin (A5441; 1:10,000; Sigma-Aldrich; Merck Millipore) antibodies at 4˚C overnight. Subsequently, the blots were washed in TBST and incubated with goat anti-rabbit (cat. no. 31430) and goat anti-mouse (cat. no. 31460) immunoglobulin G secondary antibodies (1:10,000; Thermo Fisher Scientific, Inc.) for 45 min. Immunoreactivity was detected by enhanced chemiluminescence (Advansta, Inc., Menlo Park, CA, USA) and images were captured using a LAS 4000 Bioimager (Fujifilm Holdings Corporation, Tokyo, Japan).
Enzyme-linked immunosorbent assay (ELISA). ARPE-19
cells were plated onto 6-well cell culture plates at a density of 5x10 4 cells/well. The DMEM/F12 was supplemented with 1% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin. VEGF secretion levels were measured using the Human VEGF-ELISA Research-Use-Only kit (KHG0111) from Invitrogen (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocols.
Luciferase assay. A luciferase assay was performed to determine whether the 3'-UTR of the VEGF mRNA is required for TTP-mediated destabilization. ARPE-19 cells were co-transfected with designated constructs, such as psiCHECK-VEGF 3'-UTR constructs and pcDNA6/V5-TTP using TurboFect™ in vitro transfection reagent (Thermo Fisher Scientific, Inc.). The transfected cells were lysed with lysis buffer (Promega Corporation, Madison, WI, USA) and mixed with luciferase assay reagent (Promega Corporation) and the chemiluminescent signal was measured using the Infinite 200 PRO system (Tecan Group, Ltd., Mannedorf, Switzerland). Firefly luciferase was normalized to Renilla luciferase in each sample. All luciferase assays reported here represent at least three independent experiments, each consisting of three wells per transfection.
Electrophoretic mobility shift assay (EMSA).
The biotinylated RNA probes for the wild-type (WT) VEGF (5'-GGU ACU UAU UUA AUA GCC CUU UUU AAU UAG AAA UUA AAA CAG UUA AUU UAA UUA A-3') and mutant (mut-VEGF-EMSA; 5'-GGU ACU UAG GUA AUA GCC CUU UUU AAU UAG AAA UUA AAA CAG UUA AGG UAA UUA A-3') were synthesized by Samchully Pharm Co. (Seoul, Korea) as described previously (23) . In the mutant (MuT) RNA probes, which were used as negative controls, the AUUUA sequences of the AREs were replaced with AGCA. Cytoplasmic extracts were prepared from pcDNA6/V5-TTP transfected ARPE-19 cells using NE-PER Nuclear and Cytoplasmic Extraction reagent kit (Thermo Fisher Scientific, Inc.). RNA EMSA was performed using the LightShift TM Chemiluminescent EMSA kit according to the manufacturer's instructions. TTP antibody (T5327) or control (I-5381) antibodies (Sigma-Aldrich; Merck Millipore) were added to the reaction mixtures (1 or 5 µg/µl). Subsequent to the addition of the antibodies, reaction mixtures were incubated overnight at 4˚C. Images were captured using a LAS 4000 Bioimager (Fujifilm).
Human umbilical vein endothelial cell (HUVEC) tube formation assay. ARPE-19 cells were cultured in DMEM/F12 media containing 0.1% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin, and were maintained at 37˚C and 5% CO 2 . The cells were exposed to hypoxic conditions in a hypoxic chamber for 24 h. The conditioned medium (CM) obtained from the ARPE-19 cells was transferred to HUVECs (PromoCell GmbH, Heidelberg, Germany) that were seeded onto 96-well plates coated with Matrigel™ at a density of 4x10 3 cells/well. The CM-treated HUVECs were incubated for 48 h, and then the branch numbers were calculated using ImageJ software (imagej.nih.gov).
Statistical analysis. Data are expressed as the mean ± standard error of the mean. Statistical significance was determined using Student's t-tests (GraphPad Prism, version 5; GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference. 
Results
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A B C
normoxic conditions. As a negative control, ARPE-19 cells were transiently transfected with empty pcDNA6/V5 vectors. Overexpression of TTP was confirmed by RT-PCR and western blotting (Fig. 1A) . The ARPE-19 cells were incubated at 37˚C in 1% O 2 and 5% CO 2 in order to mimic hypoxia. After 24 h, VEGF expression was induced under hypoxic conditions (Fig. 1B) . A previous study reported that TTP promotes the decay of VEGF transcripts in human colon cancer (23) . By contrast, overexpression of TTP in ARPE-19/TTP cells reduced hypoxia-induced VEGF expression (Fig. 1B) . Next, it was examined whether overexpression of TTP could reduce the level of VEGF secretion. Secretion of VEGF into the extracellular space was assessed by ELISA. Overexpression of TTP in ARPE-19/TTP cells significantly reduced the level of secreted hypoxia-induced VEGF (P<0.01; Fig. 1C ). These results indicate that overexpression of TTP reduces the expression and secretion levels of hypoxia-induced VEGF.
VEGF AREs are essential for the inhibitory effect of TTP.
To determine whether the 3'-UTR of the VEGF mRNA is required for TTP-mediated destabilization, ARPE-19 cells were co-transfected with pcDNA6/V5-TTP and a psiCHECK2 luciferase expression vector containing the VEGF 3'-UTR. The luciferase activity in cells transfected with pcDNA6/V5-TTP was significantly lower than that in cells transfected with pcDNA6/V5 empty vector (P<0.05; Fig. 2 ). This result suggests that the 3'-UTR of VEGF mRNA is involved in its destabilization via the inhibitory activity of TTP.
TTP binds to VEGF AREs. To investigate whether the reduced expression of VEGF resulted from decay of the VEGF mRNA, the half-life of this mRNA was measured by qPCR in ARPE-19 cells transfected with pcDNA6/V5-TTP (ARPE-19/TTP) or pcDNA6/V5 empty vector (ARPE-19/pcDNA6). The ARPE-19 cells were incubated for 24 h under hypoxic conditions. Following actinomycin D treatment, the half-life of VEGF mRNA was 1.8 h in ARPE-19/TTP cells and 6.5 h in ARPE-19/pcDNA6 cells (Fig. 3A) . This result indicates that overexpression of TTP significantly induces the decay of VEGF mRNA (P<0.001).
To examine whether TTP interacts directly with the AREs in the 3'-UTR of VEGF mRNA, an RNA EMSA was performed using biotinylated RNA probes containing the WT or MuT AREs of VEGF. The RNA probes used in EMSA were the same as those used in the luciferase assay. In the MuT RNA probe used as a negative control, AUUUA sequence of the VEGF-ARE-WT was replaced with AGCA. Cytoplasmic extracts prepared from ARPE-19 cells cultured under hypoxic conditions were incubated with biotinylated RNA probes containing the WT or MuT AREs of VEGF 3'UTR. When RNA EMSA was performed using the VEGF-ARE-WT probe, a dominant RNA-protein complex was formed. However, this complex was not formed with VEGF-ARE-MuT probe. Complex formation was reduced in the presence of an anti-TTP antibody (Fig. 3B) . Overall, these results suggest that TTP regulates the expression of VEGF mRNA by binding to AREs in its 3'UTR.
TTP inhibits neovascularization indirectly. To determine the effect of TTP overexpression on neovascularization indirectly, a HUVEC tube formation assay was used. ARPE-19 cells transfected with pcDNA6/V5-TTP (ARPE-19/TTP) or pcDNA6/V5 empty vector (ARPE-19/pcDNA6) were incubated at 37˚C in 1% O 2 and 5% CO 2 to mimic hypoxia. After 24 h, CM from the cells was transferred to HUVECs, which were incubated for 48 h. HUVECs treated with hypoxia CM from ARPE-19/pcDNA6 cells had a larger number of branch points than those treated with normoxia CM from ARPE-19/pcDNA6. However, HUVECs treated with hypoxia CM from ARPE-19/TTP cells had a significantly lower number of branch points than those treated with hypoxia CM from ARPE-19/pcDNA cells (P<0.001; Fig. 4A and B) . These results suggest that overexpression TTP inhibits neovascularization indirectly.
Discussion
TTP, a tandem CCCH zinc-finger RNA-binding protein, regulates the decay of mRNAs that contain multiple AREs (29) . The number of published papers discussing TTP has increased gradually since 1990 with >40 TTP-associated papers published in 2012 and interest in this protein is increasing (24) . Previous studies demonstrated that TTP induces the decay of ARE-containing mRNAs (23, 30, 31) , including proto-oncogenes and those encoding growth factors (such as VEGF) and proteins involved in inflammation and invasion (32) (33) (34) . A number of studies have used diverse cells or tissue models to demonstrate that TTP inhibits VEGF production by destabilizing VEGF mRNA, however, to the best of our knowledge, no studies have examined the effects of TTP on the eye or ARPE-19 cells (25, 26, 35) . Thus, the aim of the present study was to investigate the effects of TTP on VEGF mRNA and protein levels in ARPE-19 cells under hypoxic conditions, and to examine the possibility of using TTP as a novel treatment tool for neovascularization and nAMD.
Endogenous expression of TTP was low in ARPE-19 cells under normoxic and hypoxic conditions, whereas VEGF expression was increased under hypoxic conditions. On the other hand, overexpression of TTP reduced the stability of VEGF mRNA and the secretion of VEGF into the extracellular space of ARPE-19 cells under hypoxic conditions. These results suggest that TTP expression is inversely correlated with that of VEGF in ARPE-19 cells, and that TTP does not respond directly to a hypoxic stimulus. Low expression of TTP in ARPE-19 cells under hypoxic conditions resembles TTP in numerous cancer cells. Furthermore, these two states increase the expression of VEGF. These points suggest the possibility of using TTP as a treatment tool for nAMD, in addition to cancer.
A luciferase assay was performed to determine whether the 3'-UTR of VEGF mRNA is required for TTP-mediated destabilization. An RNA EMSA was also conducted to examine whether TTP binds directly to the 3'UTR of this mRNA. As occurs in other cells, TTP in ARPE-19 cells destabilized the VEGF mRNA and bound directly to AREs in its 3'-UTR (23, 24) . This result indicates that TTP may be used to suppress VEGF in RPE cells when nAMD occurs under hypoxic conditions. Anti-VEGF antibodies bind directly to VEGFs and render them inactive in the extracellular space (9, 10) . By contrast, the expression of TTP and destabilization of VEGF mRNAs occurs in the intracellular space. For this reason, gene transfection with a TTP-expressing pcDNA6/V5-HisA vector or adenoviral vectors could be performed in the intracellular space. The effective period of anti-VEGF antibody treatment is ~4 weeks and aflibercept has a longer duration of effect (13, 15) . However, the present study did not determine the effective period of TTP-expressing vectors, despite the finding that CM from of TTP-overexpressing ARPE-19 cells suppressed HUVEC tube formation compared with hypoxic CM. Thus, further investigations will be undertaken in the future.
In conclusion, TTP was demonstrated to destabilize the VEGF mRNA in ARPE-19 cells under hypoxic conditions. Furthermore, CM from TTP-overexpressing ARPE-19 cells suppressed tube formation in HUVECs. These findings indicate that regulation of TTP expression may be a promising therapeutic tool for nAMD, although further research is required.
